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Abstract 
The investigated material is a quenched&tempered steel for hydrogen applications. Understanding of hydrogen embrittlement and its effect on 
the mechanical characteristics of steel becomes fundamental. It is, in fact, well known that the atomic hydrogen can cause embrittlement and 
degradation of the mechanical characteristics of the steels. Fracture mechanics parameters are usually considered to define the embrittlement 
effect of hydrogen. In the present work AISI 4130 is experimentally investigated. Several specimens were hydrogen charged by an 
electrochemical method, that allows to obtain a controlled amount of hydrogen into the specimens. Toughness and fatigue crack growth tests 
have been carried out on uncharged and hydrogen charged CT specimens. The effect of hydrogen is evident: the propagation curves are shifted 
and the toughness values are reduced. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Politecnico di Milano, Dipartimento di Meccanica. 
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1. Introduction 
For the development of huge infrastructures for the new hydrogen economy, it is fundamental to understand the complex 
embrittlement phenomena depending on the presence of hydrogen. Besides, it is fundamental to quantify the effect of hydrogen 
on mechanical properties of the involved steels. If the aim is to design components performing satisfactorily in service up to 
several years, it is necessary, in fact, to have reliable data on the fatigue and toughness of materials in hydrogen environment. 
Due to the complexity of the experimentation, a basic database on the behavior of steels in presence of hydrogen is not available 
in literature. 
Besides, despite extensive studies in literature, the actual micro-mechanisms governing the embrittlement phenomena and the 
failure are not fully defined. The main reason of this uncertainty is that these mechanisms are very complex.  
The two most commonly proposed mechanisms relevant to the considered steels are: “hydrogen enhanced decohesion” 
(HEDE), and “hydrogen enhanced local plasticity” (HELP) [1, 2]. Several parameters influence the mechanical behavior of steels 
in presence of hydrogen: chemical composition, microstructure (phases, constituents, precipitates, inclusions) and macrostructure 
(banding, segregations) of the steel, hydrogen charging conditions (source of hydrogen, temperature, surface conditions, 
stress/strain conditions during charging), testing conditions (temperature, deformation rate, specimen preparation, orientation and 
dimensions). 
In the literature, some experimental fatigue data on carbon and low alloy steels are presented and analyzed using fracture 
mechanic approach [3-7]. In these studies, fatigue properties of metals and welded joints are measured in different environments, 
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such as seawater, sweet (CO2) or sour (H2S) condensates, boiling or pressurized water in nuclear plants, gaseous hydrogen at high 
pressure. In [8] and [9] austenitic stainless steels are taken into account and hydrogen effect is evidenced by considering the 
microscopic fatigue mechanisms, i.e. slip bands and striations. Paper [10] describes experimental results obtained by fatigue 
crack growth tests carried out on low-carbon, Cr-Mo and stainless steels. They considered the coupled effect of hydrogen content, 
hydrogen diffusion coefficient, load frequency, slip bands and strain-induced martensite in austenitic stainless steels.  
Some authors of this paper already carried out fracture toughness and fatigue crack growth rate on two pipeline steels charged 
with hydrogen [11, 12].  
The aim of this paper is study the mechanical behavior of a low-carbon steels, named AISI 4130, to be used for hydrogen 
storage. Fatigue crack propagation tests and fracture toughness tests are carried out in order to characterize the variation of 
fracture mechanic parameters in presence of hydrogen. 
2. Material 
The material object of study is a low alloy quenched &tempered steel seamless pipe (AISI 4130) (outer diameter: 559mm, 
thickness: 16.5mm). It is characterized by a tempered martensitic microstructure. Tab. 1 reports the mechanical properties, 
obtained from experimental tensile tests, and chemical compositions of AISI 4130. 
Table 1. Mechanical static properties and chemical composition of AISI 4130. 
ıy [MPa] ıUTS [MPa] E [MPa] 
Min: 715 840-950  206000 
C Mn Si Cr Mo 
0.30 0.50 0.25 0.95 0.20 
3. Experimental setup 
An innovative electrochemical hydrogen charging technique has been developed; see more details in [10]. An approximate 
estimation of the hydrogen content of the specimens has been made by using systematically, after each charging, the hot glycerol 
method, which is a simple and quick method suitable for a routine control: diffusible hydrogen content was in the range of 1.9-
2.7 ppm. In order to avoid hydrogen release, due to diffusion during the time interval between the charging operation and the 
mechanical tests, the specimens were immersed into liquid nitrogen at T = -196 °C. 
Crack growth propagation and toughness tests are carried out on AISI 4130 specimens. All these tests are performed by means 
of a servohydraulic testing machine, MTS Landmark, with a loading cell of 100kN. Clip on gage is applied during the tests to 
measure the crack opening. 
3.1. Fatigue crack propagation tests 
Fatigue tests are carried out following the ASTM E647-11 standard, cutting single edge-notch C(T) specimens from pipes. All 
the specimens are characterized by width W = 25 mm, and thickness B = 12.7 mm. Fatigue tests are performed in load control at 
constant stress ratio R = 0.1. Three different test frequencies are investigated: 0.1 Hz, 1 Hz and 10Hz. Measurements of crack 
growth are made through the compliance method. 
3.2. Fracture toughness tests 
ASTM E1820-09 is followed for the determination of fracture toughness. Also for these tests, the C(T) shape is selected for 
the specimens. Dimensions are quite similar to those involved in fatigue crack growth tests, unless for the side grooves. 
4. Results and discussion 
4.1. Fatigue crack propagation tests 
In fracture mechanics, fatigue crack propagation is usually described and studied through da/dN–ǻK bi-logarithmic plots, 
focusing on the stable propagation part of the curve, the region II of the diagram. It is related to the Paris propagation law and it 
provides the main information on material behavior. Fig.1 shows the propagation curves resulted from the experimental tests. 
The uncharged material presents a linearly increasing trend of crack growth rate in the whole ǻK range, as for common 
steels. Moreover, a threshold value of the stress intensification factor, ǻKth, is around 7-8 MPaÂ¥m. Tab. 2 reports Paris 
parameters (C and m) of the performed tests on AISI 4130. 
Considering the hydrogen charged specimens, instead, a different trend can be observed. A general increase in crack growth 
rate is detected, if compared to the base material. Moreover, the shape of the curves tends to assume a bilinear trend: in 
correspondence of low values of ǻK, crack growth rate rapidly increases. It can be explained by the large diffusion of hydrogen 
reaching the crack tip and contributing to the material embrittlement. At higher values of ǻK the slope tends to flatten, the growth 
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rate is constant and, therefore, independent on the ǻK values. Finally the curve for hydrogen charged material approach the curve 
for uncharged specimen at very high values of ΔK. 
The presence of “plateau” regions is a typical feature of the presence of stress corrosion cracking phenomena [13, 14]. In a 
previous paper of the same research group, it was hypothesized that in this type of tests the mechanism is similar to the “stress 
corrosion fatigue (SCF)” where hydrogen embrittlement sustained by hydrogen diffusion to the crack tip is responsible of the 
“plateau” region [15]. 
Another parameter influencing the crack growth rate of hydrogen charged curves is the load frequency. The lower is the load 
frequency, the more accentuated is the embrittlement effect. Curve of H-charged specimen at 0.1 to 1 Hz shows a strong 
enhancement of the embrittling effect, of almost two orders of magnitude when compared to the curve of uncharged material. 
Indeed, the crack tip spends more time at maximum load and atomic hydrogen has more time to move through the lattice and to 
reach the crack tip.  
Also for H-charged specimens, Paris coefficients obtained fitting the experimental curves are reported in Tab.2. Only the 
plateau region is considered for this regression.  
Fig. 1. Results of the fatigue crack propagation tests. 
Table 2. Coefficients of linear interpolation (Paris law), calculated for 
da/dN [mm/cycle] and ǻK [MPa¥m]. 
 f [Hz] C m 
Uncharged  7e-12 2.868 
H-charged 
0.1 5e-6 0.365 (plateau) 
1 2e-6 0.287 (plateau) 
1 2e-6 0.357 (plateau) 
1 1e-5 0.155 (plateau) 
10 7e-7 0.200 (plateau) 
4.2. Fracture toughness tests 
Fig.2 shows the experimental J-ǻa curve of AISI 4130 without and with hydrogen. Obtained J values are summarized in 
Tab.3. In presence of hydrogen J value is reduced to 10.2% of its value in absence of hydrogen. If J value of hydrogen charged 
specimens is split in its elastic and plastic components, it is possible to notice that this second one is much bigger than the elastic, 
which is almost negligible: this evidences the non-ductile behavior of the steel. 
Fig. 2. J-ǻa curves without and with hydrogen presence. 
Tab. 3. Summary of J-values from toughness tests on AISI 4130; unit 
of measure is [N/mm]. 
Uncharged Hydrogen charged 
Jtot Jel Jpl Jtot
215.5 4.3 17.7 22.0 
4.3. Analysis of the fracture surface 
In the initial stage of the crack propagation (fatigue test), fracture is brittle and more fragmented in specimens with hydrogen. 
No striations and secondary cracks are visible. In the second stage of propagation fracture became partially intergranular with 
secondary cracks. This is evident in Figure 3 for a specimen charged with hydrogen and tested at 1 Hz which showed high crack 
propagation rate in the “plateau”. Final fracture is ductile and occurs at high ΔK after about a 15 mm crack growth.  
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Fig. 3. Fracture surface for a specimen charged with hydrogen in the initial stage (left) and at 3 mm from precracking (right) 
5. Conclusions 
From the experimental tests described in the present paper and carried out on AISI 4130 steel specimens in uncharged and 
hydrogen charged conditions, the following conclusions can be drawn: 
− in fatigue crack growth tests, hydrogen effect is evident in da/dN–ǻK plots. Instead of presenting a simple linear trend, 
hydrogen charged material shows a plateau region at high crack growth rates, thus revealing no influence of applied ǻK. At 
crack initiation stage, da/dN–ǻK curves are connected to the ones of uncharged material; 
− frequency effect was also investigated: at lower loading frequencies (0.1 to 1 Hz) crack growth rates are higher, since atomic 
hydrogen moves into the lattice and accumulates at the crack tip: this is the worst condition in terms of hydrogen 
embrittlement. At higher test frequencies (10 Hz), crack propagation curves move towards the ones for uncharged material, 
although hydrogen embrittlement is always remarkable; 
− in toughness tests, J values for AISI 4130 are deeply influenced by the presence of hydrogen. 
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